The pathogenic human alphaherpesvirus herpes simplex virus type 1 (HSV-1) causes lifelong latent infections interrupted by recurrent episodes of viral production. The virus initially replicates at the periphery, where it infects nerve endings and travels to sensory ganglia. Once the virus reaches the nuclei of ganglionic neurons, it can establish a latent infection. Upon stress, the viral genome becomes transcriptionally active and reactivation of HSV-1 from latency occurs. In contrast to what occurs in the acute infection, viral transcription during latency is limited. In fact, the diploid gene encoding the latency-associated transcripts (LAT) is the only gene transcribed during the latent state (for reviews, see references 11, 40, and 46) .
The LAT gene maps to the long terminal repeat regions of the HSV-1 genome, and the most abundant LAT species detected is the 2-kb LAT intron ( Fig. 1A and B) (10, 38, 43, 47) , which is also expressed during productive infections (43) . Interestingly, the subcellular localizations of the 2-kb LAT intron during productive and during latent infections are different. During latency in neurons, the 2-kb LAT intron is found predominantly in the nucleus, whereas during productive infections of tissue culture cells and murine brain stems, the 2-kb LAT is also found in the cytoplasm (13, 32, 43, 47) .
Since the LATs are abundantly transcribed during latent infections, their role in the establishment, maintenance, and reactivation from latency has been examined extensively. Early studies proposed that the 2-kb LAT is involved in an antisense suppression mechanism because it overlaps the 3Ј end of ICP0 mRNA, which expresses a potent and promiscuous transactivator of viral and cellular gene expression (47) . Other studies have shown that several LAT deletion viruses exhibit a delayed reactivation phenotype in various animal models, suggesting that LATs play a role in efficient reactivation from latency (3, 18, 23, 45, 50) . Work by Sawtell and Thompson suggested that LATs play a role in promoting efficient establishment of latency in trigeminal ganglia (42) . It has also been proposed that LATs may facilitate the establishment of latency by reducing productive viral gene expression (12, 25) . Most recently, experiments have suggested that LAT promotes neuronal survival after HSV infection by reducing apoptosis in infected cells (37) . This antiapoptotic phenotype of LAT may ensure that latent infection is maintained and allow for the efficient reactivation of the virus under conditions of stress (37) .
Although the 2-kb LAT is an intron (10, 54) , analysis of its sequences indicates that there are two potential open reading frames which are conserved among the different HSV-1 strains (44) . However, as of yet, no protein product has convincingly been ascribed to any of the LATs in vivo. Using a combination of biochemical and molecular biology techniques, the potential of the 2-kb LAT as a substrate for translation was examined by determining its association with ribosome-sized particles in sedimentation experiments (32) . Results indicated that the majority of the 2-kb LAT intron comigrates with ribosome-sized subunits rather than polysome-sized complexes in productively infected tissue culture cells (32) . These data support previous data (44) indicating that the 2-kb LAT is not efficiently translated during productive infections and show that the 2-kb LAT is in association with translational machinery-sized particles during productive infection of tissue culture cells. Thus, the possibility exists that the 2-kb LAT is translated during alternative cell conditions or that it is involved in a novel translational role with ribosomes. Other studies have shown that a portion of the 2-kb LAT is found in polysomal fractions of cell extracts from latently infected ganglia and infected neuronal cells (13) . Therefore, if the 2-kb LAT is translated, its translation is probably tightly regulated during the virus infection. Until a polypeptide is identified, other possibilities for the function of the 2-kb LAT must be considered. For example, it is conceivable that the LATs may affect the translational machinery of cells or may associate with cellular factors to modify their functions.
Since the 2-kb LAT localizes preferentially to different compartments during latency and productive infection, it is possible that in the nucleus versus the cytoplasm, LAT may associate with different factors to mediate this localization. In eukaryotic cells, essential posttranscriptional processes are mediated by RNA-binding proteins and by small RNAs as stable ribonucleoprotein (RNP) complexes found both in the nucleus and cytoplasm (4, 7, 8, 16, 22, 48) . In addition, splicing of mRNA to generate mature RNAs is mediated by protein factors on the introns of protein coding gene transcripts to form spliceosomes (54) . Because the 2-kb LAT is an intron, it is likely to interact with components of the spliceosomes during its formation. In addition, it is possible that LAT functions through its interaction with RNPs that are involved in splicing, transport, and other processing pathways in the nucleus. Such cellular interactions with RNA-binding proteins may be important to the functions of the 2-kb LAT during the viral life cycle.
However, in the cytoplasm of infected cells, LAT sediments at approximately 50S, a size corresponding to translation initiation complexes (32) . Therefore, it is also possible that LAT interacts with ribosomal components in the cytoplasm for translation, or alternatively, to function in the control of the translation process.
In this study, we examined the ability of the 2-kb LAT intron to associate with cellular proteins in order to gain a greater understanding of the role of this stable intron during the virus infection. Taking advantage of methods to separate subcellular compartments, the localization of the 2-kb LAT intron during productive infections was examined. The data indicate that during productive infections of HSV-1 in HeLa cells, LAT is distributed throughout the cell, including membrane and nucleolar fractions. However, the major fraction of LAT was found in the nucleoplasm. The fraction of the 2-kb LAT that was found in the cytoplasm appears to interact with ribosomesized complexes with an affinity resembling that of rRNAs, rather than that of actively translating cellular or viral mRNAs. Furthermore, immunoprecipitation analysis with antibodies to ribosomal proteins revealed that LAT directly associates with ribosomal proteins. These results support the hypothesis that LAT may affect the functioning of the translational machinery or play a structural role in the ribosomal complex.
MATERIALS AND METHODS
Cell lines and viruses. HeLa cells were grown in Dulbecco's modified Eagle medium supplemented with 10% calf serum. HSV-1 strain 17 was used in all experiments involving virus infections. a nylon membrane using a dot blot apparatus from Schleicher & Schuell (Keene, N.H.). Dot blots were cross-linked in a Stratalinker (Stratagene, La Jolla, Calif.) and prehybridized as in the Northern blot analysis previously described (43) . Hybridization was performed overnight with heat-denatured 32 P-labeled DNA probes for the 2-kb LAT, 28S rRNA, and ␤-actin mRNA, and blots were washed twice in 1ϫ, 0.5ϫ, and 0.1ϫ SSPE (1ϫ SSPE is 180 mM NaCl, 10 mM monobasic sodium phosphate [pH 7.7], 1 mM EDTA) with 0.1% sodium dodecyl sulfate (SDS). Filters were exposed to autoradiographic film and were quantitated using phosphorimaging (Molecular Dynamics, Piscataway, N.J.).
Immunoprecipitation experiments. Cell lysates for immunoprecipitation studies were prepared by washing mock-or HSV-1-infected HeLa cells once with cold phosphate-buffered saline A. Cells were then washed once with cold Trisbuffered saline (40 mM Tris-Cl [pH 7.4], 150 mM NaCl), resuspended to approximately 5 ϫ 10 6 cells/ml in NET-2 buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 0.05% Nonidet P-40) at 4°C, and sonicated three times for a total of 1 min. Cellular debris was removed by centrifugation at 14,000 ϫ g for 15 min, and the supernatant was stored at Ϫ70.
For each immunoprecipitation, 100 l of lysate was used. Specific antibody was added to the lysate and incubated at 4°C with gentle agitation on a rotator for 2 h. Protein A-Sepharose (Sigma, St. Louis, Mo.) was used to precipitate the RNP, P, L7, and the MBP antibodies, while protein G-agarose (Sigma) was used precipitate to the Sm antibody. The lysate/antibody complex was incubated with protein A-Sepharose or protein G-agarose, as specified by the manufacturer of the antibody, for 1 h at 4°C, followed by washing six times in radioimmunoprecipitation assay buffer (0.15 M NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% SDS, 10 mM Tris [pH 7.4]) plus 2% SDS. Proteins were eluted from the agarose or Sepharose by adding 2 volumes of Na 2 HPO 4 and citric acid solution (pH 3.5) and incubating for 15 min at room temperature on a rotator. The beads were pelleted, and the supernatant was neutralized with the dropwise addition of 5 N NaOH as determined by litmus paper testing. The supernatant was then blotted onto a nylon membrane and hybridized with probes specific for the 2-kb LAT or the 28S ribosomal RNA as previously indicated. To determine the nonspecific hybridization background, cellular lysates were incubated with protein A-Sepharose or protein G-agarose in the absence of antibody.
RESULTS
The 2-kb LAT RNA is found predominantly in the nucleoplasm of productively infected HeLa cells, although it is also distributed in the cytoplasm, membrane, and nucleolar fractions. During latent infections in the trigeminal ganglia, the 2-kb LAT is found predominantly in the nucleus (43, 45, 47) . However, previous studies have suggested that during productive infections, the major subset of the 2-kb LAT RNA is found in the cytoplasm of infected cells (32) , where it may be interacting with components of the translational machinery. In order to get a clearer idea of the types of proteins that may be binding to LAT, the subcellular localization of the 2-kb LAT in productively infected tissue culture cells was examined in detail.
Mock-infected and HSV-1-infected HeLa cells were harvested at 16 h postinfection, and cells were separated into the cytoplasm, outer nuclear membrane, nucleoplasm, and an extract of the nuclear pellet (which contains chromatin and nuclear membranes as well as the nucleolar material), as described in Materials and Methods (17) . An equivalent cellular amount of each fraction was blotted onto a nylon membrane, and the 2.0-kb LAT RNA, 28S ribosomal RNA, and ␤-actin mRNA were detected with 32 P-labeled probes specific for each of the RNAs. Data was quantitated and expressed as percentages of total cellular RNA levels. Figure 2A shows the distribution of cellular RNAs in uninfected HeLa extracts. As expected, the majority of ␤-actin mRNA (50%) was found in the cytoplasm, where it was undergoing translation. Less than 20% of total ␤-actin mRNA was found in the outer nuclear membrane and the pellet frac-tions. The presence of the RNAs in the membrane fraction may be indicative of their migration from the nucleus to the cytoplasm. The 28S rRNA was equally distributed in the nucleus and cytoplasm in uninfected cells (30% each). Although the majority of 28S rRNA was found in the cytoplasm and nucleoplasm fractions, about 20% of 28S rRNA was also found in the extract of the nuclear pellet, which contains nucleolar material. This is anticipated since the 28S ribosomal RNA is synthesized in the nucleoli, where it is assembled with ribosomal proteins as an integral part of the mature translational complex (for a review see reference (39) .
The levels of ␤-actin mRNA in HSV-infected cells were significantly depressed (data not shown) due to the shutoff of host transcription during the viral infection (14) , and a greater percentage of (␤-actin) mRNA was now detected in the nucleus (35% in uninfected cells to 55% in infected cells, as shown in Fig. 2 ). This decrease in cellular mRNA levels and the nuclear restriction of cellular mRNAs have been observed previously and may be due to the impairment of host cell splicing by the viral ICP27 protein (15, 41) . Similar to the cellular mRNA retention in the nucleus, studies have shown that rRNAs are also retained in the nucleus at later times postinfection (2). However, although there is a slight increase in the nuclear 28S rRNA in infected cells compared to uninfected cells in our experiments, in contrast to ␤-actin mRNA levels and distribution, the 28S ribosomal RNA is not altered significantly (our data and reference (14) . These data indicate that at 16 h postinfection, the 28S rRNA is relatively stable in FIG. 2. The subcellular localization of the 2-kb LAT, 28S rRNA, and ␤-actin mRNA. HeLa cells were mock infected (A) or infected with HSV-1 strain 17 (B) at a multiplicity of infection of 5 PFU/cell. At 16 h postinfection, cells were harvested and separated into the cytoplasm, outer nuclear membrane (ONM), nucleoplasm, and extract of the nuclear pellet. An equal aliquot of each fraction was dot blotted onto a nylon membrane and hybridized with probes specific for the 2-kb LAT RNA, 28S rRNA, and ␤-actin mRNA. Data was quantitated by both densitometry and phosphorimaging and expressed as percentages of total 2-kb LAT, 28S, or ␤-actin RNA in the cell.
infected cells since it is necessary to maintain the integrity of the ribosomal complex for viral mRNA translation.
We found that the majority of the 2-kb LAT in acutely infected tissue culture cells (HeLa) localized to the nucleus (Fig. 2B ). In fact, our results show that approximately half of total LAT was found in the nucleoplasm alone. Since previous work dissecting the localization of LAT in CV-1 cells does not clearly quantitate the localization of LAT in the cytoplasm versus the nucleus (32) , this is the first work establishing quantitation of LAT found both in the nucleus and cytoplasm in productively infected tissue culture cells.
A significant portion of the 2-kb LAT was also found in the cytoplasm and extract of the nuclear pellet (25 and 20% of total LAT, respectively). Previous studies have shown that LAT migrates at 50S in sucrose density gradients, which corresponds to translation initiation complexes in the cytoplasm (32) . Therefore, LAT may potentially interact with members of the translational machinery in the cytoplasm. In addition, since 20% of LAT was found in the pellet fraction in infected cells, it is possible that LAT migrates to the nucleoli and interacts with the ribosomal complexes that are being assembled in that compartment. In fact, Fig. 2 shows that the nuclear and cytoplasmic distribution of LAT was more similar to that of the 28S rRNA than it was to that of the ␤-actin mRNA. Therefore, if LAT plays a role in infected cells, these data would suggest a structural role for LAT that is similar to that of rRNAs during assembly of the ribosomal complexes.
The 2-kb LAT RNA associates with ribosomal subunits with the affinity of rRNAs-an association that has greater affinity than that of cellular mRNAs and actively translating viral mRNAs. The 28S rRNA plays a critical role in the biogenesis of the translational complex and is an integral component of the ribosomal complex (52) . If the 2-kb LAT is similar to the 28S rRNA in terms of its interaction with ribosomal complexes, perhaps it affects the function of the translational machinery. Therefore, we determined the affinity of LAT with translational complexes and compared it to that of the 28S rRNA and ␤-actin mRNA (Fig. 3) . For these experiments, cells were mock infected or infected with HSV-1 strain 17 virus. At 16 h postinfection, cells were harvested and ribosomal complexes were obtained by high-speed centrifugation (5). The ribosomes were then resuspended in buffers containing 100 mM or 500 mM salt, spun at high speeds, and both supernatant and pellet were collected. Buffer containing 100 mM salt was referred to as the low-salt buffer since it is closer to physiological salt levels, and the buffer containing 500 mM salt was referred to as the high-salt buffer in these experiments. The supernatant collected after the high-speed spin consists of particles, either RNA or protein, that have dissociated from the translation complexes after the salt washes, whereas the pellet contains RNA and protein that are maintained as part of the translational complex. The presence of the 2-kb LAT RNA and cellular RNAs (28S and ␤-actin RNAs) in the supernatant before the salt washes and in the supernatant and pellet after the salt washes was quantitated by dot blot analysis as described in Materials and Methods.
In uninfected cells (Fig. 3A) , at 100 mM salt conditions, approximately 70% of ␤-actin mRNA dissociated from the translational complexes in the pellet, while 20% was associated with these complexes. However, under these conditions, close to 65% of the 28S rRNA is found in the pellet. Since the 28S rRNA is a key component of the ribosomal complex, it is expected that the affinity of the 28S rRNA for ribosomes is greater than that of mRNAs at physiological conditions. At higher salt concentrations (500 mM), the interaction of ␤-actin mRNA with the translational machinery was similar to that at the lower-salt conditions. Under these same conditions, a higher percentage of the 28S rRNA was dissociated from translational complexes, leaving 40% of 28S bound to the complexes. However, the affinity of the 28S ribosomal RNA for the translational machinery was greater than that of ␤-actin mRNA at both salt conditions.
As mentioned earlier, during HSV-1 infections cellular mRNA synthesis, including that of ␤-actin mRNA, is severely depressed (14) . Of the ␤-actin mRNA that did remain in the cytoplasm, 50% did not associate with ribosomes or the translational machinery and was found in the supernatant fraction (Fig. 3B) . Although the remaining 50% of ␤-actin could be spun down with heavier complexes, it was no longer associated with the intact translational machinery. However, it is possible that ␤-actin still interacts with individual ribosomal proteins or components of the translational machinery. These data indicate that during HSV-1 infection, ␤-actin mRNA does not have access to the cellular translation apparatus and protein synthesis is impaired. In contrast, close to 50% of the 28S rRNA remains associated with the intact translational machinery, reinforcing the idea that maintenance of efficient translation is critical for viral RNA expression. At least 55% of LAT RNA was dissociated from the translational machinery under these conditions, while 30% remains bound to the translational apparatus. However, the majority of LAT can be spun down with the translational complexes, indicating that at salt conditions close to physiological levels, LAT RNA is associated with the translational machinery.
Under stringent conditions (500 mM salt), the profile of ␤-actin mRNA levels was similar to those at the lower-salt conditions. However, a greater percentage (70%) of the 28S rRNA was dissociated from the translational complexes, while 20% remained bound. Surprisingly, the affinity of LAT for these complexes did not change significantly from the low-salt conditions. These results also demonstrate that the interaction of LAT with ribosomal complexes is as stable as the interaction of the 28S rRNA with these complexes, since high-salt conditions are not able to disrupt this association. In contrast, cellular mRNAs are not as tightly bound to the translational complexes in infected cells. Thus, the affinity of LAT for translational complexes is comparable to that of ␤-actin mRNA in uninfected cells. However, in infected cells, the interaction of LAT for the ribosomal complexes is similar to that of rRNAs and not to cellular mRNAs.
Since our data indicate that LAT has a greater affinity for translational complexes than do cellular messages in infected cells, we wanted to test whether this was also the case for viral mRNAs (Fig. 4) . As mentioned earlier, studies from our lab have shown that the 2-kb LAT comigrates with ribosomal subunits on sucrose density gradients (32) . In contrast, the viral glycoprotein C (gC) mRNA sediments with polysomes during productive infection of CV-1 cells. Furthermore, LAT distribution is unaffected by EDTA or puromycin treatments, whereas gC mRNA is shifted to lower-molecular-weight com-plexes or ribosomal subunits. These results suggest that unlike gC, LAT may not be efficiently translated during the virus infection and that the interaction of LAT with cellular factors may be distinct from that of viral mRNAs. Therefore, the experiment described in Fig. 3 was repeated, but fractions were probed for the gC mRNA to determine whether the affinity of LAT for these complexes would resemble that of actively translating viral mRNAs. gC is found on the surfaces of virions and infected cells during the viral infection. Results depicted in Fig.  4 show that at low-salt conditions, gC binds the ribosomal complexes with an affinity closely resembling that of LAT. Approximately 35% of the RNAs were found associated with the intact translational machinery, whereas greater than 50% were dissociated. However, under stringent conditions, we can see that 90 to 100% of gC can be dissociated from the translational machinery, whereas LAT levels stay stable. Therefore, LAT has a greater affinity for ribosomal complexes than does the gC viral mRNA. In fact, all results indicate that the interaction of LAT with ribosomal complexes is more similar to that of the 28S rRNA compared to both cellular mRNAs and translating viral mRNAs. These data again support the hypothesis that LAT may play a role in the cell that resembles that of the 28S rRNA.
The 2-kb LAT RNA interacts with ribosomal proteins and splicing factors in vivo. Our studies indicate that LAT associates strongly with members of the translational complex in the cytoplasm (Fig. 3 and 4) . However, it has not been shown which cellular complexes, or specific proteins, interact with LAT. In vitro experiments done in our lab indicate that the 2-kb LAT RNA binds cellular proteins in both the nucleus and   FIG. 3 . Affinity of 2-kb LAT, 28S rRNA, and ␤-actin mRNA for translational complexes. HeLa cells were mock infected (A) or infected with HSV-1 strain 17 (B) at a multiplicity of infection of 5 PFU/cell. At 16 h postinfection, the cytoplasmic fraction of the cells was subjected to low-salt (100 mM) or high-salt (500 mM) washes as described in Materials and Methods. Supernatant, fraction collected before the salt washes; salt-sup, supernatant fraction that was collected after each of the salt washes (this fraction contains particles [RNA and protein] that have dissociated from the translational complex after the salt washes); salt-pellet, fraction containing the intact translational machinery after the salt washes. An equal aliquot of each fraction was dot blotted onto a nylon membrane and hybridized with probes for the 2-kb LAT, 28S rRNA, and ␤-actin mRNA. Results were quantitated by densitometry and phosphorimaging and expressed as percentages of total 2-kb LAT, 28S, or ␤-actin RNA in the cell. the cytoplasm (M. Ahmed et al., unpublished data). However, it is not know which proteins are involved in these interactions, the major limitation being the inability to in vitro transcribe LAT RNA while maintaining its stable intron structure. However, these studies suggested that the 2-kb LAT associates with general RNA-binding proteins in infected cells.
To directly determine the interaction of LAT with proteins in vivo, we performed an immunoprecipitation analysis (Fig. 5 ) using total cell extract from HeLa and SY5Y cells. Due to the technical limitations of our assay, we were unable to quantitate the percentage of LAT, 28S, and gC RNA in each compartment that was recovered in the immunoprecipitates with the various antibodies. Nevertheless, we were able to get an indication of the overall ability of the 2-kb LAT and the other RNAs to bind to several RNA-binding proteins.
In these experiments, antibodies against specific proteins were utilized to determine whether LAT associates with ribosomes. In addition, since the majority of LAT was found in the nucleoplasm of infected cells, where it sediments between 40 and 60S (data not shown), we wanted to determine whether LAT interacts with the splicing machinery as well as with general RNA-binding proteins. Antibodies used in this section were directed against RNPs, ribosomal P and L7 proteins, and general splicing factors. The ribosomal P protein is part of the 60S ribosomal subunit and is thought to bind the GTPase domain of the 28S rRNA to aid in the accessibility of the rRNA for elongation factors (52) . Therefore, if LAT is similar to the 28S rRNA and plays a structural role in the ribosomal complex, this ribosomal protein would be a likely candidate for binding to LAT. The ribosomal L7 protein is associated with the large subunit of eukaryotic ribosomes and is involved in regulating protein translation (31, 39) . HnRNPs are proteins that bind nascent RNAs and are involved in RNA processing (8, 16, 22) . RNPs are involved in the interaction of hnRNAs with nuclear structures, in nucleo-cytoplasmic transport of mRNA, and in other important cellular processes. Therefore, these proteins are likely candidates for binding to the 2-kb LAT during the viral life cycle. In addition, sera from patients with autoimmune diseases were also used in this assay since these sera contain antibodies against general RNA-binding proteins as well as splicing factors (16, 53) . Immunoprecipitates were blotted onto a nylon membrane and hybridized with probes specific for the 2-kb LAT, 28S ribosomal RNA gC viral mRNA, and ␤-actin mRNA (Materials and Methods). The MBP antibody was used as a negative control for binding to the 2-kb LAT, whereas the binding of the 28S rRNA to the ribosomal P protein was used as a positive control for the assay. Results depicted in Fig. 5 and 6 are expressed as ratios of the binding of LAT, 28S rRNA, or gC mRNA to the indicated antibody over the nonspecific background binding levels.
In HeLa cells (Fig. 5A) , the 28S rRNA binds to the ribosomal P protein as expected. However, the 28S rRNA is not immunoprecipitated by antibodies to RNPs, autoimmune antigen, the L7 ribosomal protein, or the Sm proteins. This positive control verifies that the immunoprecipitation conditions are optimal in this assay for the specific binding of antibodies to their antigen. In contrast to the 28S rRNA, the 2-kb LAT was pulled down with several proteins in our assay. LAT was immunoprecipitated by the antibody to the ribosomal P protein at levels similar to that of the 28S rRNA, further indicating that in the cytoplasm of HSV-infected cells, LAT interacts with ribosomal factors. LAT was also immunoprecipitated at high levels with the Sm antibody, which recognizes splicing factors. However, we found that the association of LAT with Sm fac -FIG. 4 . Affinity of the 2-kb LAT and gC mRNA for translational complexes. HeLa cells were infected with HSV strain 17 virus for 16 h and subjected to low-salt (100 mM) and high-salt (500 mM) washes as indicated for Fig. 3 . Supernatant, fraction collected before the salt washes; salt-sup, supernatant collected after the salt washes; salt-pellet, fraction containing the translational complexes that sediment at high speeds after the salt washes. Results were again quantitated by densitometry and phosphorimaging and expressed as percentages of total 2-kb LAT, 28S, or ␤-actin RNA in the cell.
tors is not as strong as its interaction with the ribosomal complex since high-salt conditions easily disrupted LAT-Sm interactions (data not shown). On the other hand, gC, an actively translated mRNA, associates weakly with both ribosomal proteins. Since these proteins are not known to directly bind mRNA during translation, we would not expect high levels of interaction between gC and P or L7 proteins. In addition, since gC is not spliced, its interaction with splicing factors was minimal as compared to the 2-kb LAT intron.
A question that arises from these immunoprecipitation experiments is whether these results are accurate, or if the antibodies are saturated such that the level of binding of each antibody to its antigen, in Fig. 5A , is not authentic. To determine if the level of binding we measured was accurate, an immunoprecipitation analysis was carried out in which equal amounts of P or Sm antibodies were added to the same cellular extract three consecutive times. This would allow us to determine whether additional LAT, gC mRNA, or 28S rRNA can be pulled down with the addition of new antibody to the extract. Figure 5B indicates that there is a decreasing linear relationship between binding of each of the RNAs and the addition of antibody at consecutive times. Therefore, by the third addition of antibody, LAT, gC, or 28S RNAs could no longer be pulled down by the antibodies. These data indicate that after the first addition of antibody, the binding sites of the antibody are mainly saturated and most of the RNAs have been pulled down, thus generating results that are similar to those shown in Fig. 5A .
The association of LAT to cellular proteins in undifferentiated neuron-like SY5Y cells (Fig. 6 ) was also analyzed. Results similar to that in HeLa cells, with minor differences, were observed. In SY5Y cells, the binding of LAT to splicing factors was similar in level to its interaction with the ribosomal P protein, whereas in HeLa cells, at least twice as much LAT associated with splicing factors as did with the ribosomal P protein. Furthermore, gC bound more strongly to antigens found in autoimmune sera in SY5Y cells than in HeLa cells. Since autoimmune sera contain numerous RNA-binding proteins that are important in cellular processing, these results suggest that gC mRNA synthesis and processing may be more active in neuronal cells. FIG. 5 . Immunoprecipitation of LAT, 28S rRNA, and gC mRNA with specific antibodies in HeLa cells. HeLa cellular extract was prepared from HSV-1 strain 17-infected cells, and 100-l aliquots were incubated with the RNP, P, L7, Sm, and MBP antibodies and autoimmune sera for 2 h at 4°C. Protein A-Sepharose and protein G-agarose were incubated with extract alone to control for background binding to the beads. The lysate-antibody mixture was then incubated with protein A or protein G for 1 h and washed six times in radioimmunoprecipitation assay buffer. Proteins were eluted from the agarose or Sepharose beads with the addition of low-pH buffer, and the supernatant was collected and neutralized. The supernatant was blotted onto a nylon membrane and hybridized with probes for the 2-kb LAT, 28S rRNA, and gC mRNA (A). (B) Immunoprecipitation with the P and Sm antibodies was carried out three consecutive times to determine the amount of 2-kb LAT or 28S rRNA remaining in the extract after each addition of antibody. We conclude from these results that the interaction of LAT with ribosomal proteins, splicing factors, and RNA-binding proteins is distinct from that of both the viral gC mRNA and the 28S rRNA. It associates at high levels with splicing factors in vivo, unlike the 28S rRNA and gC mRNA, but interacts with the ribosomal P proteins at levels similar to that of the 28S rRNA, again suggesting a structural role for LAT in the translational machinery.
DISCUSSION

Transport of the 2-kb LAT to the cytoplasm of infected cells.
In this paper, we demonstrated that in productively infected HeLa cells, the major fraction of the 2-kb LAT was found in the nucleoplasm, while a smaller fraction (30%) was found in the cytoplasm. Although previous studies demonstrated that LAT is present in the cytoplasm of acutely infected tissue culture cells and SCID mouse brain stems (32) , these earlier studies did not clearly establish what proportion of LAT was found in the cytoplasm versus the nucleus. Therefore, this is the first instance where the amount of 2-kb LAT in different cellular compartments was measured in detail.
The separation of HSV-1-infected cells into subcellular compartments in Fig. 1 also indicates that LAT is found in membrane fractions. Although only 5% of total LAT is found in the outer nuclear membrane fraction, this may be indicative of the proportion of LAT that is transported to the cytoplasm from the nucleus at a given time. In contrast to LAT, we saw that ␤-actin mRNA was not found in any of the membrane fractions in infected cells, indicating that transport of cellular mRNAs during HSV-1 infection is impaired. As mentioned earlier, this is due to the virus-induced nuclear retention of cellular mRNAs due to the impairment of cellular splicing by the viral ICP27 protein (15, 41) . As of now, it is not known how LAT is transported to the cytoplasm, but it is possible that during its migration to the cytoplasm, LAT may interact with components of the nuclear membrane involved in transport, such as the nucleoporins.
Alternatively, it is conceivable that LAT is transported to the cytoplasm by heterologous nuclear ribonucleoproteins, or hnRNPs. HnRNPs are an abundant family of proteins that play essential roles in pre-mRNAs processing (8) . In fact, several hnRNPs remain associated with nuclear mRNAs after the completion of splicing and are involved in the nucleo/cytoplasmic transport of RNAs (6, 19) . Results, not shown in this paper, indicate that in infected cells, the 2-kb LAT comigrates with an RNP that migrates at 40 kDa on an SDS-polyacrylamide gel (Ahmed et al., unpublished). This size corresponds to the A1 hnRNP, which is known to contain nuclear export signals to aid in the active transport of mRNAs to the nucleus (4). The immunoprecipitation results presented in Fig. 5 demonstrate that LAT associates minimally with antigens to the monoclonal RNP antibody. Therefore, these data suggest that if 2-kb LAT does bind the A1 hnRNP, it may do so below the level of detection in our experiments.
The association of LAT with translation factors. Although previous work (32) has shown that the 2-kb LAT sediments at approximately 50S in the cytoplasm, corresponding to translation initiation complexes, in this paper we have demonstrated that LAT associates with ribosomal proteins found in the 60S subunit ( Fig. 5 and 6 ). Since our sucrose gradient analyses show an overlap between the LAT and 28S rRNA peaks (data not shown), it is possible that a portion of LAT is found in the 60S ribosomal complex, whereas another fraction of LAT is found with translational initiation complexes. Alternatively, LAT may interact with ribosomal components to form a novel 50S subunit, which is distinct from the standard cellular 60S ribosomal complexes.
Studies have shown that portions of the 2-kb and 1.5-kb LATs are also found in polysomal fractions of cell extracts from latently infected ganglia and infected neuronal cells (13) . Under these conditions, it has been speculated that LAT may have access to the translation machinery of the cell. However, despite numerous efforts by several groups, an in vivo-expressed LAT protein has not been demonstrated (reviewed in reference (46) . An alternative possibility is that LAT is a functioning RNA similar to the adenovirus-associated (VA) RNAs. The VA RNAs function to block the activation of PKR, the double-stranded RNA-activated inhibitor of protein synthesis, to aid in the efficient translation of cellular and viral proteins late after infection (26, 33) . LATs do not appear to have a function similar to that of the VA RNAs. Nevertheless, an RNA-dependent translational function for LATs cannot be ruled out.
An obvious interpretation of the interaction of the 2-kb LAT with ribosomal proteins, as indicated in Fig. 3 , 5, and 6, is that it plays a role in the virus-induced shutoff of host protein synthesis by repressing the action of the translational machinery. However, we have determined that at a gross level, the shutoff of host protein synthesis after wild-type HSV-1 infection was no different from infection with LAT deletion mutants (data not shown). Still, it is possible that LAT selectively inhibits or enhances translation of certain proteins with specific functions. On the other hand, the possible interaction of LAT with specific ribosomal factors may serve an alternative role during ribosomal biogenesis.
Is the 2-kb LAT in the nucleoli of infected cells? Surprisingly, a significant subset of the 2-kb LAT was found in the extract of the nuclear pellet, containing nucleolar material (Fig. 2) . Previous studies have not clearly identified whether the 2-kb LAT is found in the nucleoli of infected cells. However, it is interesting to speculate what role, if any, LAT may play in the nucleoli. Since the nucleolus is the center of rRNA transcription and ribosomal complex formation (2, 4, 51), perhaps the presence of LAT in the nucleoli is indicative of its interaction with the translational complex. Figure 3 shows that the affinity of LAT for ribosomes is comparable to that of the 28S rRNA. Furthermore, its affinity for these complexes is greater than that of cellular messages and viral messages ( Fig.  3 and 4) . Therefore, it is possible that LAT plays a structural role in ribosome folding similar to that played by rRNAs. To reinforce this idea, immunoprecipitation studies, illustrated in Fig. 5 and 6 , conducted with both HeLa and SY5Y cells, indicated that LAT associates with the ribosomal P protein at levels similar to that of the 28S rRNA, and less strongly to the ribosomal L7 protein. The ribosomal P proteins are known to bind the GTPase domain of the 28S ribosomal RNA protein during complex formation in order to make the 28S rRNA accessible to elongation factors (52) . The ribosomal L7 protein is involved in regulating protein translation and can bind both RNA and double-stranded DNA. Therefore, both proteins are important players in the translational complex. The interaction of LAT with either one of these proteins could affect ribosomal complex formation during biogenesis in the nucleoli or the function of these proteins in the cytoplasm.
The function of LAT and its interaction with ribosomal proteins. Although several functions for the LATs have been investigated in detail, the most recent hypothesis states that LAT blocks virus-induced neuronal apoptosis to facilitate the survival of infected cells (37) . The increased viability of infected nerve cells would thus be advantageous for the virus in promoting efficient production and reactivation from latency. This hypothesis is supported by previous studies showing that LAT deletion mutants are less efficient at establishing latency (36, 42) , more neurovirulent (35) , and less effective at reactivating from latency (3, 18, 23, 50) . In addition to LAT, there are at least four other HSV genes, ICP27, US3, US5 (gJ), and US6 (gD), that have been reported to have antiapoptotic functions during lytic infection (1, 21, 24, 57) . However, it is possible that at later times postinfection, or during latency, LAT is the predominant player in protecting cells from apoptosis since it is the only transcript synthesized at that time.
Although there have been many speculations over the roles of the LATs during the viral life cycle, mechanisms for their functions have not been dissected. It is possible that the LATs protect cells from apoptosis by interacting directly with members of the apoptotic pathway. Since LAT can protect cells from a host of apoptotic inducers, it is thought that LAT may affect a downstream regulator of apoptosis (37) . Alternatively, LAT may interact with certain ribosomal proteins or the intact translational machinery to inhibit apoptosis. Recently, studies have suggested a correlation between levels of ribosomal proteins and activation of apoptosis. For example, inhibiting the expression of enhanced levels of the ribosomal protein S3a has been found to be directly related to apoptotic induction in certain cell lines (28, 29, 30) . Furthermore, constitutive expression of L7 ribosomal protein has also been linked to activation of the apoptotic process in Jurkat cells (28) . It is possible that disrupting the balance of factors involved in the translation complex may lead to a reduced efficiency in the expression of certain cellular antiapoptotic factors. Data in our paper indicate that the 2-kb LAT interacts with the ribosomal P protein, and to a lesser degree with the ribosomal L7 protein (Fig. 5  and 6 ). The association of LAT with ribosomal proteins may serve to stabilize the translational machinery and aid in the production of specific antiapoptotic factors, or inhibition of apoptotic proteins, under conditions of virus-induced apoptosis. This hypothesis is reinforced by our finding that LAT binds to the translational machinery with a greater affinity than cellular or actively translating viral mRNAs ( Fig. 3 and 4) . In addition, the affinity of LAT for these complexes is similar to that of the 28S rRNA (Fig. 3) , which plays a role both structural and functional in the translation complex.
The association of LAT with splicing factors. The main proportion of the 2-kb LAT is found in the nucleoplasm of infected cells as seen in Fig. 2 . Therefore, is interesting to speculate on the types of proteins that may be binding to 2-kb LAT in the nuclei. Although 2-kb LAT is a nonpolyadenylated transcript, it is processed in the nuclei as are cellular or viral mRNAs. Therefore, it may have access to hnRNPs that are involved in essential cellular processing functions. Since 2-kb LAT is a spliced intron, the most obvious candidates for binding to LAT are the splicing factors. Figure 5 indicates that 2-kb LAT binds to Sm antigens, which are mainly splicing factors, about threefold over background. Furthermore, more than twice as much LAT per cell can be pulled down with the anti-Sm antibody as with the ribosomal antibodies. This suggests that a higher percentage of 2-kb LAT associates with splicing factors than to ribosomal proteins in vivo. However, the affinity of 2-kb LAT for these splicing factors is not as great as that of LAT for ribosomal proteins (data not shown). Overall, these results suggest that LAT is processed similarly to mRNAs in the nuclei of infected cells. In order to get a clearer picture of LAT's interaction with nuclear factors, we must further dissect these interactions by utilizing antibodies to specific proteins involved in transcription, splicing, and transport.
